A novel process for the fabrication of deep optical waveguides in silica-on-silicon for optical processing applications has been developed. It makes use of nickel electroplating to conform precisely e-beam written smooth curved structures and to use the deposited nickel to etch deeply (up to 8 µm) into silica layers. It is demonstrated that nickel plating offers substantial advantages in terms of resistance and resist mold fidelity than more conventional etch masks such as patterned metal layers. The etching process, that is based on conventional fluorine reactive ion etching, has been optimized by making use of a design of experiment technique, details of process optimization and comparative analysis of different etching mask performances are also given.
Introduction
Optical waveguides in silicon or silica-on-silicon have rapidly attracted the interest of researcher and industry due to their intrinsic potential to overcome speed limitation in future reduced scale microelectronics and optoelectronics device metal interconnects. 1) In addition, optical waveguides play a fundamental role in opto-electronics-integrated-circuits (OEICs) where many active and passive components such as mode transformers, n × m splitters, directional couplers and others require low-loss light transport lines and interconnects.
2) Large scale utilization of OEICs and optical interconnects in microelectronics circuits will depend on many factors including the availability of fabrication processes that should be acceptable in production and substantially based on those currently available for silicon microelectronics. This introduces a great challenge since in most cases the process considerations for OEICs are very different than those for silicon ICs. Film thickness for OEICs can be tenth of microns rather than hundred or thousand of Angstrom of current ICs. This introduces a great importance in film stress control and also on selectivity of etching masks (resists or other deposited materials). The above mentioned considerations, and others that can be done for OEICs, suggest that a strong effort should be addressed into the study and the development of microelectronics based fabrication processes capable to produce with high yield the building block of the optical circuitry. Size and losses considerations suggest to explore the possibility to realize high contrast step index waveguides for integrated optical circuits. 3) We have studied and optimized a novel fabrication process for deep (up to 8 µm) silica optical waveguides. Our process introduces the electroplated nickel as precisely conformed mask which also exhibits high durability in fluorine reactive-ion-etching (RIE). We will demonstrate that electroplated nickel has substantial advantages in terms of pattern fidelity and etch-resistance than other conventional masks such as patterned metal layers.
Experimental Setup
The samples, commercial wafers of silica-on-silicon, were prepared for patterning and etching according to the scheme described in Fig. 1 . After cleaning, a double layer of chromium (10 nm) and gold (20 nm) was thermally evapo- rated onto the substrate surface. This thin layer makes the surface of the sample conductive and has a twofold purposes: firstly it eliminates the unavoidable charge induced by the e-beam exposure which otherwise could distort the pattern, secondly it makes the surface conductive allowing the subsequent nickel plating.
Data preparation and e-beam lithography
All the exposures of this work have been performed by a commercial e-beam lithography system, the Leica Microsystem Lithography Systems EBMF 10.4 cs/120 installed at the CNR-IESS Institute in Rome, Italy. E-beam exposure is usually carried out at 50 kV with a typical beam probe currents ranging in 0.5-15 nA. E-beam spot size is a function of probe current, the higher the beam current the larger the spot size. At small values of beam current, say below 1 nA, the measured beam spot size (full-width-half-maximum: FWHM) is about 40 nm. A small spot size is chosen when it is necessary to match some of the finest relief details presents on the designed pattern. Figure 2 shows a typical layout of optical waveguides, three different curvature radii were accounted 0.1 mm, 0.5 mm and 1 mm respectively. For optical waveguide generation the most critical parameter is the smoothness of the generated feature being this parameter directly related with the losses due to propagating light scattering.
4) The resist edge smoothness is therefore of paramount importance. A rough resist edge generally transfers its shape into the etched material causing losses as a consequence of light optical scattering. A great attention has to be paid to techniques and processes capable to reduce its extent as much as possible.
Since the EBMF system does not have a specific polar pattern generator, the curved feature present on most of the designed waveguides have to be approximated with the available set of feature primitives which include rectangles and polygons. This approximation can generate nanoscale steps that could contribute to the above mentioned edge roughness. It is therefore necessary to increase the density of the EBMF addressing grid to reduce the extent of this unwanted effect. This is accomplished by reducing the beam deflection field, however, the reduction of the field increases the number of stage movements and as a consequence decreases the throughput of the exposure process. 5) We have experimented various sizes and found that a good compromise is to use a writing field size of 1.092267 × 1.092267 mm 2 . The addressing grid for the 1.092267 mm is about 33 nm, that is sufficiently small to generate negligible steps in the waveguide curve approximation.
Resist development process
Two different positive tone resists have been employed for the e-beam exposure. The first resist is a conventional poly-methil-methacrylate (PMMA) having molecular weight of 950 K, which was spun on the substrate for a thickness of 500-1000 nm. PMMA offers good resolution and its capability for electroplating has been already demonstrated, 6 ) the second resist is the UVIII from Shipley Corp. This latter resist is an order of magnitude faster than PMMA and also has very good capabilities in terms of resolution. 7, 8) PMMA has to be selected for those applications demanding in terms of edge smoothness and when writing time is not a major concern. UVIII is very fast but more sensitive to airborne contaminants and sometime less performing in terms of resist edge smoothness. After exposure, PMMA coated samples were developed at 20
• C in a mixture of one part of methil-iso-buthyl-ketone (MIBK) and three parts of iso-propyl-alcohol (IPA), whereas the UVIII was developed in a concentrated Shipley CD26 developer at 20
• C for 1 min and rinsed in water.
Deep-Etched-Waveguide Process Optimization
Generally, highly anisotropy silica or silicon etching at depths exceeding a few microns is better performed by specialized high-density plasma reactive ion beam processes such as those techniques making use of microwave plasmas. 9) Jpn. J. Appl. Phys. Vol. 38 (1999) However, complexity and cost of such systems may threat a widespread penetration of such processes in the field of OEICs. Rather, conventional RIE is much more affordable, and therefore the development of a deep-etch process based on conventional RIE can have a significant impact in the fabrication of optical wave-guides. The RIE process study and optimization was done by using a commercial Plasma Technology machine mod. 80 plus. This system operates at a radio frequency of 13.56 MHz and also offers the possibility to cool the substrate, the maximum RF power is 300 W. A simple pattern comprising of large boxes (several tenth of micron) was designed and exposed. The defined boxes were then used to wet-etch chromium island into a 500 nm thick layer previously deposited by thermal evaporation. Chromium acts as etching mask for the RIE experiments, etched depths were measured with the aid of a profile-meter. The etching chemmakes use of fluorine based ases CF and the istry g including 4 SF 6 that have been used in combination of Ar and O 2 .
The complexity and the interrelation among the various etching parameters typical of a RIE process, suggest the use of a design of experiment technique (DoE) for process optimization. The following parameters were studied:
Where CF 4 , SF 6 , O 2 and Ar represent the flux (sccm) of gases used in the experiments. P 1 is representative of the ratio between C and F which has influence on polymer growth during the etching, P 2 has influence on polymer removal due to the oxygen, and finally P 3 accounts for the physical effect typical of Ar. According to the 2 K factorial design theory 10) the expression for the etch rate has a mathematical expression that is generally a combination of P 1 , P 2 and P 3 : τ = τ r + A P 1 + B P 2 + C P 3 + ab P 1 P 2 + bc P 2 P 3 + ac P 3 P 1 where A, B, C, a, b and c are the coefficients of the analysis of variance table for the three-factor fixed effect model 11) and τ r is the etch rate mean value.
Therefore, a set of experiments was carried out to determine the value of τ for the selected experimental conditions. Figure 3 shows the three dimensional behavior of the measured etch rate in the first five minutes of the etching process. Figure 4 shows the curves of level of Fig. 3 . As it can be seen the value of etch rate is very modest, at the best 37 nm/min was achieved. Moreover, the process was found prone to polymer deposition with an intrinsic difficulty in maintaining the initial etch rate value. Polymer can inhibit the etching process and can contribute to feature size edge roughness. The flux of etching gases was then increased, under such new experimental conditions the etch rate increased considerably. The best results were achieved with the parameters reported in table I referring to 120 min of etching and for an etched depth of 8 µm .
Etch mask resistance study
The literature reports several type of masks for silica etch- ficult to deposit and to pattern: this thickness is greater than the minimum pattern feature size. chromium was performing better than gold, its etch rate was around 1.6 nm/min, so that the minimum thickness requested to protect the patter during the deep-etching could be reduced to 300 nm. However, even 300 nm thick chromium mask can be difficult to be patterned and this may have a negative effect on the edge acuity and quality of the various fine features that can transfer directly into the optical media (silica). Therefore, a different solution was investigated, this involves nickel that is electroplated instead. In electroplating the resist acts as a mold for material deposition, so that the image produced in resist is tone reversed after the deposition. We have recently demonstrated that electroplating is a very powerful technique even for extreme resolution applications, 13) the metallic films conforms precisely to the resist feature, and if the resist smoothness is good, the transferred metal also will. In order to prepare the substrate for the electroplating, a double layer of chromium (10 nm) and gold (20 nm) was first deposited on the silica substrate. This layer makes the surface of the sample conductive and therefore enables the subsequent nickel plating process. It is known that quality of deposited metals in electroplating is a strong function of typical growing parameters such as current density, bath temperature etc. 15) Several experiments were carried out to determine the best set of plating parameters in terms of deposited edge surface finishing and grain size. The nickel was deposited by means of a commercial plating solution based on sulfate and chlorate nickel salts. The solution is heated at 55
• C during the plating process that is carried out at a current density of 80 mA/cm 2 . Figure 5 shows a SEM high resolution images of plated nickel structures made free-standing. Free-standing structures allow a better evaluation of the substrate-nickel interface. As it can be seen the edge of the structure is extremely smooth and certainly its residual roughness is less than the SEM resing, including the resist itself, 11) amorphous silicon, 12) and chromium. 13) We have studied three different etching mask materials, gold, chromium and electroplated nickel. The wave-guide layout was transferred into gold and chromium either by wet etching or lift-off. Unfortunately, the request to etch silica for a depth of about 8 µm puts a severe constrain on the power and other working parameters to be used in the experimental setup. In our experiments RF power was set to the maximum value allowed by the RIE system in use, i.e. 300 W.
Both chromium and gold were found unsuitable for the deep-etch process. Under the optimized RIE process, the gold etch-rate was about 50 nm/min, this puts a constrain on the minimum thickness to be deposited for the etching purpose, i.e. about 1 µm. Clearly, one micron thick metal mask is dif- 
Conclusions
A novel process for the fabrication of optical waveguides in silica layers has been developed. The process enables the deep etching of silica layers (up to 8 µm) with a conventional reactive ion etching process. This result is accomplished by using a very durable etch mask made of electroplated nickel. Experiments demonstrated that electroplated nickel has also the advantage of conforming precisely the e-beam written resist structures that is of paramount importance in the manufacturing of integrated optical devices that are very sensitive to residual roughness of etched facets. The developed process alloved the fabrication of silica optical waveguides. double layer of chromium and gold. Chromium is removed with a solution of NaOH and K3Fe(CN) 6 , whereas gold was removed in KI and I 2 . Figure 7 shows a close up of a high degree of curvature region of a finished guide. It is noticeable the excellent quality of the sharpness of the etched facet as well as the sufficiently smooth edge wall. olution that is around 5 nm. This performances is very hard to be achieved with other pattering techniques including lift-off or dry etching. Experiments confirmed the excellent performances of electroplated nickel for deep-etch of silica. It has been experimentally found that only 36 nm thick nickel mask is sufficient to etch 8 µm deep into the silica. This is about ten times less than the minimum thickness needed in case of chromium. Table II compares the different performances of the investigated etching masks.
The superior etching resistance characteristics of nickel, in addition to the smoothness of its edge, makes this technique very suitable to be employed for those applications demanding in terms of accuracy and etch depth. This is the case of 3D passive or active optical elements were edge quality is a critical issue.
Example of Fabricated Deep Optical Waveguides
The optimized process was then used to pattern long and high curvature optical waveguides in silica. Figure 6 is a SEM low magnification image of two patterned optical waveguide. The nickel mask stripping was performed by removing the
